It is demonstrated that the photoluminescence spectra of single self-assembled InAs/GaAs quantum dots are very sensitive to excitation energy and crystal temperature. This is qualitatively explained in terms of the effective diffusivity of photogenerated particles, which affects the capture probability of the quantum dot. As a consequence, this opens the possibility of controlling the average number of excess electrons in the quantum dot by optical means. This technique may be used as a simple tool to create and study charged exciton complexes without any specially fabricated samples. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1370547͔
techniques that make it possible to study single SAQDs. Photoluminescence ͑PL͒ spectroscopy with high spatial resolution performed on single quantum dots ͑QDs͒ makes it possible to reveal the fine structure in the individual dot spectrum. This is in contrast to studies of a QD ensemble, in which the fine structure normally is concealed by the inevitably inhomogeneous broadening. Simultaneously, the development of theoretical models, 4 considering many particle interactions, now enables a more advanced study of multiparticle complexes in QDs. Since the particles in a QD are confined into a spatially limited region, there is a strong interaction between them. The addition of one or more particle͑s͒, therefore, changes the emission energies in the QD spectrum dramatically. Consequently, it is important to understand multiparticle effects because they determine the performance of electronic devices such as QD lasers and single-electron transistors.
The QD becomes charged when it is filled with a nonequal amount of electrons and holes. Essentially, two approaches have recently been used to study charged exciton complexes in single QDs. One method is to use specially designed samples 5 containing an n-doped layer with contacts. The number of electrons in the QD can then be tuned by an applied external voltage. This gives the possibility to control the average number of excess electrons in the dot. However, the applied voltage causes a shift of the entire spectrum and deforms the wave functions, which eventually leads to a relative shift of the interaction energies. The other method is to use intentionally doped samples where the QDs are initially filled with a random number of electrons from the background doping. 6 The average number of excess electrons depends on the arbitrary number of dopants in the close vicinity of the investigated QD, but it can be reduced by means of photodepletion. The main drawback of this method is that the initial number of excess electrons is random and, hence, hardly controllable.
In the present letter, we report on the sensitivity of the capture rate of excess electrons into the SAQD on the effective diffusivity of photoexcited carriers in the barrier in lowdot-density samples. The effective diffusivity is not only dependent on the crystal temperature 7 ͑T͒ but also on the excess energy of the carriers imposed at the excitation, 8, 9 defined as ប photon ϪE g barrier , where ប photon is the excitation energy and E g barrier is the QD barrier band-gap energy. We show that in the case of above-barrier band-gap excitation (ប photon ϾE g barrier ), the spectrum of the QDs is indeed very sensitive to the excitation energy and crystal temperature: Charged excitons are created just at certain excitation energies and temperatures. This can be used as an alternative tool, in addition to the two previously mentioned, to study the PL of charged excitons in QDs, whereby no special sample design is needed. The average number of excess electrons in the QD can be controlled by tuning ប photon and/or T.
The samples studied were grown by molecular-beam epitaxy on semi-insulating GaAs͑100͒ substrates. On top of a 100 nm GaAs layer, lens-shaped QDs are formed from about 1.7 InAs ML deposition. With a special growth technique to reduce the dot size 2 and size distribution, the QDs were covered with 100 nm GaAs for protection. A certain sample region of low-InAs deposition, and thereby a very low-dot density, 1 was chosen for our study, where the interdot spacing was estimated to be about 10 m, well exceeding the resolving power of the micro-PL setup used.
The QDs were studied by means of a conventional diffraction-limited micro-PL setup. To excite the QDs, a cw Ar laser pumped Ti-Sp laser tunable between 700 and 900 nm was used with an excitation power adjusted by the use of neutral filters. The beam of the Ti-Sp laser was focused on the sample surface by a microscope objective through a thin optical window of the continuous-flow cryostat. The tem- peratures used in the experiments ranged from 4 to 40 K. The laser beam could be focused on the sample surface down to a spot size of 2 m in diameter. The luminescence signal was collected by the same objective and dispersed by a single-grating 0.45 m monochromator combined with a LN 2 -cooled Si charged-coupled-device camera. The spectral resolution achieved in the region of the studied PL was 0.15 meV. Low-excitation power P ex р10 nW was used, when exciting above the barrier band gap, to prevent local sample heating.
A magnified image of the sample surface was projected on a video camera, allowing precise control of the laser position and focusing. Since any change in the temperature causes a sample drift, special grids on the sample were used as a reference to locate the desired dot.
Several QDs have been studied. Most of them exhibit a similar behavior, as represented by the spectra of the QD shown in the present letter. The excitation energy dependence of the PL spectrum of a selected single QD at T ϭ4 K is demonstrated in Fig. 1 . The left part of Fig. 1 shows the PL emission from the GaAs barrier at 1.515 eV, the wetting layer ͑WL͒ at 1.447 eV, and the QD at 1.371 eV ͑pp͒ and ϳ1.340 eV ͑ss͒. The ss emission corresponds to the QD ground-state recombination ͑both electrons and holes in the s shell͒ and the pp emission originates from the first-excitedstate recombination ͑both electrons and holes in the p shell͒. The importance of diffusion of photogenerated carriers is readily seen in Fig. 1 . Despite the fact that essentially all carriers are generated in the thick ͑200 nm͒ GaAs barrier, the emission from the thin ͑Ͻ1 nm͒ WL is two orders of magnitude stronger than the GaAs emission, indicating a strong diffusion from the GaAs layer to the WL. A magnified region of the ground-state emission is shown as an inset in Fig.  1 at an excitation energy of ͑a͒ ប photon ϭ1.686 eV and ͑b͒ ប photon ϭ1.557 eV. Extra attention should be paid to the two peaks denoted X and X ϪϪ since their intensities ͑I X and I X ϪϪ͒ exhibit a mutual competition, i.e., for a given excitation energy with a resulting maximum PL intensity of I X corresponds to a minimum of I X ϪϪ, and vice versa. Accordingly, there is a clear oscillatory behavior of I X and I X ϪϪ with respect to the excitation energy ប photon , as shown in the right part of Fig. 1 . Three different excitation energies ͓corresponding to the three arrows, ͑a͒, ͑b͒, and ͑c͔͒ have been employed in the inset of Fig. 1 and in Fig. 2 . The dashed vertical lines, starting at E g barrier ϭ1.519 eV for bulk GaAs, are separated by 41.4 meV, corresponding to ប LO (1ϩm e */m h *), where ប LO ϭ36 meV is the GaAs longitudinal optical ͑LO͒ phonon energy and m e *ϭ0.067m 0 (m h *ϭ0.45m 0 ) is the electron ͑heavy-hole͒ effective mass. 8, 9 Consequently, the observed periodicity of the intensities corresponds to the excitation energies ប photon at which the electron's part of the excess energy in GaAs is exactly an integer times ប LO , assuming parabolic band dispersion. 10 The oscillating dependence of the QD exciton intensity on the excitation energy ប photon can be explained in terms of the well-known phonon relaxation processes of carriers. 10 The excess energy of the photogenerated carriers is essentially released either by a fast 9 ͑few ps͒ emission of LO phonons or by a much slower emission of acoustic phonons. If the excess energy exactly fits with an integer number of ប LO , the excess energy is very quickly released, whereby the carrier becomes motionless at the band edge shortly after generation. On the other hand, if the excess energy does not fit with an integer number ប LO , it takes a much longer time   FIG. 1 . Left-hand part shows PL spectra taken at P ex ϭ5 nW, ប photon ϭ1.686 eV and Tϭ4 K of the GaAs, the WL, and a single QD with the emissions originating from the ss ground state and the pp excited state. The right-hand part shows the normalized intensity difference (I X ϪI X ϪϪ) /(I X ϩI X ϪϪ) between the two peaks denoted X and X ϪϪ in the QD ground state vs the excitation energy ប photon , taken at P ex ϭ10 nW. The three arrows marked correspond to different excitation energies ͑a͒ ប photon ϭ1.686 eV, ͑b͒ ប photon ϭ1.557 eV, and ͑c͒ ប photon ϭ1.433 eV. Five dashed lines in the right-hand part mark the excitation energies at which the electron's part of the excess energy is an integer times ប LO , starting from the GaAs barrier band gap at 1.519 eV. A magnified region of the QD ground state is shown in the inset at two different excitation energies ͓͑a͒ and ͑b͔͒ above the GaAs band gap.
FIG. 2.
Temperature dependence for a single QD PL spectrum measured with ͑a͒ ប photon ϭ1.686 eV and P ex ϭ5 nW, ͑b͒ ប photon ϭ1.557 eV and P ex ϭ5 nW, and ͑c͒ ប photon ϭ1.433 eV and P ex ϭ30 000 nW, respectively. All spectra are normalized to the maximum intensity and shifted vertically. The shaded areas mark the energy ranges for the three peaks in the relevant temperature interval used in this study ͑4-40 K͒.
to release the energy remaining after the LO-phonon emission. During this additional time, the carrier is able to move a longer distance in the crystal. In other words, excess energies that fit ͑do not fit͒ with ប LO will result in a low ͑high͒ effective diffusivity. Carriers with a higher diffusivity will move in a spatially larger region and are thus more likely to pass in the near vicinity of a strong capturing center ͑a quantum well or a QD͒ and become trapped. Due to different masses, the excess energy is distributed in a nonequal way between the electrons and the heavy holes. Accordingly, during an initial state the capturing center will primarily trap the high-diffusivity carriers, but subsequently the attraction of low-diffusivity carriers of opposite charge will be increased due to the Coulomb interaction with the trapped highdiffusivity carriers. The steady-state conditions at continuous excitation require an equal capture probability of electrons and holes. This condition is thus precisely fulfilled when the capturing center accommodates a certain number of extra carriers of higher diffusivity.
The fact that the oscillations of I X and I X ϪϪ perfectly correspond to the oscillation of the electron excess energy, 10 combined with the fact that the theoretical models of lensshaped SAQDs predict only extra electrons to be bound to the excitons, 11 implies that the peaks X, X Ϫ , and X ϪϪ can be assigned as the pure ground-state exciton, the exciton plus one extra electron, and the exciton plus two extra electrons, respectively. A more-detailed theoretical treatment of the peak assignments is developed separately. 12 The excess energy of the heavy holes will never reach ប LO in the excitation energy region under study, leading to a monotonous increase of the heavy-hole diffusivity. This could explain the decreasing amplitude of the intensity oscillations, to approach a predominant single X line, upon increasing the excitation energy ប photon .
Another way to increase the effective diffusivity of the carriers is to increase the temperature T. 7 Since the electron mass is about seven times lighter than the heavy-hole mass in GaAs, the electrons gain a higher diffusivity than the heavy holes, when the temperature is increased. The PL spectra shown in Fig. 2 demonstrate the temperature dependence at three different excitation energies ប photon . Due to the small thermal shift of the GaAs band gap, the excitation energy ប photon was shifted by the same amount in the cases when ប photon ϾE g barrier to keep the excess energy imposed by the photoexcitation fixed. However, in the temperature region under study ͑4-35 K͒, this shift is very small ͑Ͻ0.5 meV͒ and should not essentially affect the spectrum-even if not compensated. An analogous shift is also observable for the QD luminescence, as can be seen in Fig. 2. In Fig. 2͑a͒ , the excitation energy ប photon is chosen ͓as marked by arrow ͑a͒ in Fig. 1͔ to give solely the pure exciton X at 4 K. It is clear that when the temperature is increased there is a successive transfer of the intensity from the X line to the X Ϫ and X ϪϪ lines at lower energy, indicating an increased probability that the QD becomes charged. At 35 K the three lines have comparable intensity. Further, in Fig. 2͑b͒ the excitation energy ប photon is chosen ͓as marked by arrow ͑b͒ in Fig. 1͔ to give comparable intensities for the three peaks at 4 K. At 35 K, the spectrum is dominated by X ϪϪ , while X has vanished. The monotonous decrease of X and the corresponding increase of X ϪϪ shows that an increased temperature effectively fills the QD with extra electrons.
To finally confirm that the temperature effect is due to an increased diffusivity and not due to an activation of localized electrons ͑for example, electrons localized at impurities caused by unintentional background doping͒, 6 the sample was excited with an excitation energy ប photon below the WL emission ͓corresponding to arrow ͑c͒ in Fig. 1͔ , while the temperature was increased ͓Fig. 2͑c͔͒. Since the carriers in this case are excited to localized states of the WL and, hence, are totally immobile, no diffusion takes place in either the GaAs or the WL, and accordingly no peak except the pure exciton X is expected in the spectrum. If the extra electrons, on the other hand, are due to electron activation, the spectrum should qualitatively show the same temperature behavior as for excitation energies ប photon ϾE g barrier . Obviously, the spectra in Fig. 2͑c͒ are temperature independent, except for a similar redshift as monitored in Figs. 2͑a͒ and 2͑b͒. This fact supports our explanation presented for the exciton line redistribution at elevated temperatures in terms of increased photogenerated carrier diffusivity.
In conclusion, we have demonstrated that a single QD photoluminescence spectrum is very sensitive to excitation energy and crystal temperature. A qualitative explanation is given in terms of the well-known phonon-relaxation processes that may cause different effective diffusivities of electrons and holes, resulting in QDs charged by one or more extra electrons. This important fact should always be taken into consideration when performing nonresonant excitation on low-dot-density SAQDs. Furthermore, this can be used as an effective tool to create charged excitons with precise control of the average number of excess electrons, requiring no special sample design or doping. The simplicity of charging the dot by tuning the excitation energy and/or temperature may simplify future studies of phenomena involving charged excitons in QDs.
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